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Proteases perform important roles in multiple biological and pathological processes. The availability of the rat
genome sequence has facilitated the analysis of the complete protease repertoire or degradome of this model
organism. The rat degradome consists of at least 626 proteases and homologs, which are distributed into 24 aspartic,
160 cysteine, 192 metallo, 221 serine, and 29 threonine proteases. This distribution is similar to that of the mouse
degradome but is more complex than that of the human degradome composed of 561 proteases and homologs. This
increased complexity of rat proteases mainly derives from the expansion of several families, including placental
cathepsins, testases, kallikreins, and hematopoietic serine proteases, involved in reproductive or immunological
functions. These protease families have also evolved differently in rat and mouse and may contribute to explain
some functional differences between these closely related species. Likewise, genomic analysis of rat protease inhibitors
has shown some differences with mouse protease inhibitors and the expansion of families of cysteine and serine
protease inhibitors in rodents with respect to human. These comparative analyses may provide new views on the
functional diversity of proteases and inhibitors and contribute to the development of innovative strategies for
treating proteolysis diseases.

[Supplemental material is available online at www.genome.org. The sequence data from this study have been

submitted to EMBL under accession nos. BNOOO318-BNO00390.]

Proteolytic enzymes comprise a group of structurally and func-
tionally diverse proteins that have the common ability to cata-
lyze the hydrolysis of peptide bonds (Barrett et al. 1998). Al-
though these enzymes were originally studied as the central ex-
ecutioners of nonspecific protein catabolism, our view of
proteases has considerably expanded after the recognition of
their participation in the catalysis of specific reactions of proteo-
lytic processing (Neurath 1999). The highly selective and limited
cleavage of specific substrates mediated by proteases is essential
in every cell and organism. In fact, a number of important pro-
cesses that regulate the activity and fate of many proteins are
strictly dependent on proteolytic processing events. These in-
clude the ectodomain shedding of cell surface proteins; the ap-
propriate intra- or extracellular localization of multiple proteins;
the activation and inactivation of cytokines, hormones and
growth factors; the regulation of transcription factor activity; or
the exposure of cryptic neoproteins with functional roles distinct
from the parent molecule from which they derive after proteo-
lytic cleavage reactions (Lopez-Otin and Overall 2002). These
protease-mediated processing events, which are distinct from
nonspecific protein degradation reactions, are vital in the control
of essential biological processes such as DNA replication, cell-
cycle progression, cell proliferation, differentiation and migra-
tion, morphogenesis and tissue remodeling, immunological re-
actions, ovulation, fertilization, neuronal outgrowth, angiogen-
esis, hemostasis, and apoptosis. Consistent with the biological
relevance of proteases in the control of multiple biological pro-
cesses, deficiencies or alterations in the regulation of these en-
zymes underlie important human diseases such as arthritis, can-
cer, and neurodegenerative and cardiovascular diseases (Hooper
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2002). Most human diseases of proteolysis are the result of alter-
ations in the spatiotemporal patterns of expression of proteases.
Nevertheless, we have also recently cataloged >50 hereditary dis-
orders that are caused by loss-of-function mutations in protease
genes (Puente et al. 2003). Furthermore, it is remarkable that
many infectious microorganisms, viruses, and parasites use pro-
teases as virulence factors, thereby being of great interest for the
pharmaceutical industry as potential drug targets (Shao et al.
2002; Anand et al. 2003; Imamura 2003; Wu et al. 2003).
Because of the essential functional roles of proteases in the
control of cell behavior, survival, and death, together with their
increasing relevance as therapeutic targets, there is a growing
interest in the identification and functional characterization of
the complete protease repertoire of living organisms. The virtual
completion of several large-scale genome sequencing programs
has made possible this kind of global analyses aimed at charac-
terizing degradomes: the complete set of proteases produced by a
cell, tissue, or organism (Lopez-Otin and Overall 2002). Recently,
we have performed the first genomic analysis of the human and
mouse degradomes (Puente et al. 2003). Similar analyses have
been performed for the study of proteases of Plasmodium falcipa-
rum (Wu et al. 2003). Preliminary data are also available for pro-
teases present in other model organisms such as Drosophila me-
lanogaster, Caenorhabditis elegans, and Arabidopsis thaliana (http://
merops.sanger.ac.uk). These studies have provided new opportu-
nities to appreciate the complexity of proteolytic systems. We
have annotated 561 proteases and protease-homologs encoded
in the human genome, whereas somewhat surprisingly, the
mouse degradome is much more complex, being composed of
641 components (Puente et al. 2003) (http://web.uniovi.es/
degradome). It is also remarkable that Drosophila, despite having
a gene content much lower than that of humans, shows a similar
number of protease genes owing to the expansion of a family of
trypsin-like serine proteases in the fly genome (Ross et al. 2003).
To date, 403 proteases and homologs have been annotated in C.
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elegans and 609 in Arabidopsis, although these analyses are far
from being complete and the functionality of most predicted
proteases in these organisms has not yet been validated at the
biochemical level. A comparative evaluation of available data has
confirmed that many families of human and mouse proteases are
recognizable in the genomes of all model organisms, confirming
the existence of conserved proteolytic routines in all cases. How-
ever, beyond these universal protease-mediated functions, there
are also specific functions that are carried out by unique prote-
ases in different species, making necessary to clarify the genetic
and molecular basis underlying the evolutionary differences be-
tween the complete protease sets of these organisms.

The recent availability of the rat euchromatic genome se-
quence (Rat Genome Sequencing Project Consortium 2004) has
prompted us to extend our comparative analysis of degradomes
to this animal model whose study has been decisive in our cur-
rent understanding of multiple physiological and pathological
processes (Jacob and Kwitek 2002). In this work, we perform a
genomic analysis of the rat proteases, with the finding of a total
of 626 proteases and homologs in this organism. We also perform
a comparative analysis of the rat degradome with those of mouse
and human, as well as a preliminary evaluation of the protease
inhibitor content of these species. Finally, we discuss the poten-
tial relevance of these studies to define distinctive aspects of the
rat, mouse, and human biology from a protease perspective.

RESULTS

Genomic Analysis of the Rat Degradome

The rat genome sequence (assembly 3.1) was searched for the
presence of proteases by using TBLASTN and BLAT at the En-
sembl and University of California at Santa Cruz (UCSC) genome
browsers, respectively, and by using as queries the protease se-
quences derived from our previous analysis of human and mouse
degradomes (Puente et al. 2003). We also used InterPro annota-
tions of the rat genome as well as experimental information gen-
erated in our laboratory to identify putative new members of
known protease families. The combined utilization of these
methods led us finally to annotate a total of 626 genes encoding
proteases or protease-homologs in the rat genome (Table 1). A
total of 529 of the annotated proteins are classified as bona fide
proteases possessing all structural requirements for catalytic ac-
tivity, whereas 97 of them are suggested to be inactive protease
homologs owing to the occurrence of changes in specific residues

important for the catalytic properties of the different classes of
proteases. These inactive protease homologs have been proposed
to play important roles as regulatory or inhibitory molecules by
titrating inhibitors from the milieu, thereby increasing net pro-
teolytic activity, or by acting as dominant negatives with ability
to bind substrates through the inactive catalytic or exosite ancil-
lary domains (Lopez-Otin and Overall 2002). In addition to the
626 annotated genes encoding proteases and homologs, we have
also identified >150 protease pseudogenes in the rat genome.
These predicted rat pseudogenes, derived by retrotransposition or
by duplication and subsequent accumulation of frameshifts and
stop codons, have not been further analyzed in this work, with
the exception of those representing differences with putative
mouse and human orthologous genes. Likewise, the rat genome
also contains multiple aspartic protease-related sequences em-
bedded within endogenous retroviral elements, but they have
not been included in the present catalog of rat proteases. The
annotated rat degradome includes >200 putative proteases and
homologs absent in the last release of MEROPS database (6.40;
September 24, 2003), the best resource for analysis of proteases
from multiple organisms (http://merops.sanger.ac.uk). These dif-
ferences are likely because we are using the nonannotated rat
genome assembly as a tool for the identification of new prote-
ases, whereas MEROPS and other public databases mainly use
sequences derived from primary databases for the annotation of
the protease complement in the analyzed organisms.

We next analyzed the distribution of the 626 annotated rat
proteases and homologs within the different catalytic classes of
proteolytic enzymes. It is well established that according to the
mechanism of catalysis, proteases may be distributed into five
distinct classes: aspartic, metallo, cysteine, serine, and threonine
proteases (Barrett et al. 1998). The results derived from analyzing
the distribution of rat proteases in these catalytic classes are
shown in Figure 1 and Table 1. Serine proteases are the most
abundant proteolytic enzymes in rat, with 221 members,
whereas metallo and cysteine proteases also contain multiple
members (192 and 160, respectively). In contrast, there are only
24 aspartic and 29 threonine proteases in rat, likely reflecting the
highly specialized roles played by these enzymes. The distribu-
tion of rat proteases in catalytic classes is very similar to that
previously reported for mouse proteases but differs from that
corresponding to human proteases in both total number and
relative distribution among classes (Table 1; Puente et al. 2003).

To carry out a more detailed evaluation of possible differ-
ences between rat and human and mouse proteases, we next

Table 1. Distribution of Proteases in Rat, Mouse, and Human Genomes

Catalytic class

Total Asp Cys Metallo Ser Thr
Rat 626 24 160 192 221 29
Mouse 641 27 163 198 227 26
Human 561 21 148 186 178 28
Rat/human orthologs 524 21 135 177 165 26
Rat/mouse orthologs 583 24 151 191 191 26
Rat specific 42 0 9 1 29 3
Rodent specific 62 3 16 15 28 0
Human specific 31 0 11 9 9 2
Human gene/rat pseudogene 9 0 3 3 3 0
Rat gene/human pseudogene 21 1 1 7 12 0
Mouse gene/rat pseudogene 12 1 2 4 5 0
Rat gene/mouse pseudogene 1 0 1 0 0 0
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Figure 1 A global view of the rat degradome and comparison with those of mouse and human. The figure represents the complete set of proteases
and protease-homologs from each species distributed into five catalytic classes. Proteases absent in one species are shown as black bars.

classified the rat proteases into families following the MEROPS
criteria, and then performed a comparative analysis of members
of each family with those annotated in the human and mouse
genomes. According to this analysis, we have concluded that the
rat proteases belong to 67 different families, the largest one being
the SO1 of serine proteinases, containing 160 members. Other
families with many representatives are the C19 family of cysteine
proteases and the M12 family of metalloproteases, possessing 54
and 56 components, respectively. In contrast, there are several
families, such as C15, C26, C50, C56, C67, Cx1, M08, M18, M47,
M49, M50, Mx1, S12, S14, S53, S59, S60, and Sx1, with a single
member in the rat genome (see Supplemental Table 1 available
online at www.genome.org). As expected, the comparative analy-
sis between rat and mouse degradomes showed a very high per-
centage (93%) of rat genes with a strict ortholog in the mouse
genome. However, we could not find a bona fide mouse ortholog
for 43 rat genes. Likewise, there are 58 mouse genes lacking a rat
counterpart, although there are some few cases in which the
absence of rat or mouse specific genes might derive from gaps
still occurring in the assemblies of both genomes. On the other
hand, comparative analysis between rat and human degradomes
has shown a total of 524 genes with a recognizable ortholog in
the human genome. There are 102 protease genes specific for rat
compared with human and 37 genes specific for human com-
pared with rat. In most cases, differences between rat, mouse, and
human degradomes derive from differential expansion of genes
encoding related members of protease families present in the
genome of the three species. Nevertheless, there are also inter-
esting examples of creation of specific protease subfamilies in rat
and mouse with no counterparts in human, as well as some cases
of specific losses or inactivation of protease genes in one of the
lineages and preferentially in human (Tables 1, 2). A detailed
analysis of each protease family annotated in the rat genome and
its comparison with those present in mouse and human is de-
scribed below.

Aspartic Proteases

We have annotated a total of 24 rat aspartic proteases and pro-
tease-homologs divided into four families: AO1, AO2, A22, and
Ax1 (Supplemental Table 1). The family AO1 is composed of nine
rat proteases, including chymosin, a digestive protease that is
inactivated by mutations and frameshifts in the human genome
(Kolmer et al. 1991). This fact represents an important difference
between human and rodent proteases and could contribute to
explain differences in the physiology of digestion between these
species. In contrast, we have not found evidence of the presence
in rat of the Ren-2 gene encoding the submandibular renin. This
gene is also absent in the human genome but is present in many

strains of mice (Abel and Gross 1990), thereby representing a
mouse-specific gene. On the other hand, rat pepsinogen F—a
fetal aspartic protease—is closely related to mouse pepsinogen F
(94% identities), but both are very distant to the diverse human
pepsinogen A isozymes. These human gastric enzymes are en-
coded by highly related genes syntenic to rodent pepsinogens F
but are very divergent from them in structure, regulation, and
function (Kageyama 2002).

The AO2 family of rat aspartic proteases contains five mem-
bers—Ddil, Ddi2, Ddi-rp, Nrip2, and Nrip3—absolutely con-
served in mouse and human (Supplemental Table 1). These genes
encode enzymes with some similarity to retroviral aspartic pro-
teases, although they are not embedded within endogenous ret-
roviral elements. Moreover, there are seven members of the A22
family of presenilins, which are also conserved in both mouse
and human genomes. The repertoire of rat aspartic proteases is
completed with a new family whose members have sequences
similar to that of the PIP protein (prolactin inducible protein),
which has been recently characterized as an aspartic protease
(Caputo et al. 2000). The two rat PIP-related proteins lack resi-
dues proposed to be essential for PIP proteolytic activity and have
been classified as nonprotease homologs. The mouse genome
encodes two additional members of the PIP family called Sva and
Sval3 proteins. In contrast, the human genome only contains a
single copy PIP gene—although highly divergent of rat and
mouse PIP—and lacks all the additional PIP-related genes found
in rodents and expressed in male reproductive organs (Yoshida et
al. 2001). Accordingly, the PIP family represents an example of
gene family expansion in the rat and mouse degradomes.

Cysteine Proteases

We have annotated 160 rat cysteine proteases belonging to 18
different families (Supplemental Table 1). The catalog of rat cys-
teine proteases includes the three members of the hedgehog pro-
tein family, whose protease function is exclusively used for the
autoproteolytic processing of their respective precursors (Perler
1998). We have also included in this list the rat ortholog of the
human protein DJ-1, which is mutated in some forms of Parkin-
son’s disease and has been suggested to have a functional role as
cysteine protease. Nevertheless, the recent resolution of DJ-1
crystal structure has raised doubts about this function (Wilson et
al. 2003), and consequently, we have classified this protein as a
nonprotease homolog belonging to the class of cysteine prote-
ases.

According to our genomic analysis and similar to the case of
mouse, the CO1 family of cysteine proteases is largely expanded
in the rat genome due to the presence of two protease subfami-
lies—placental cathepsins and testins—that are absent in the hu-
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Table 2. Classification of Rat-Specific Genes Whose Human Ortholog Has Been Inactivated by Mutation or is Absent

Rat Human Human
Process/protein Gene locus ortholog locus
Digestion
chymosin Cymp 2q34 Inactive 1p13
distal intestinal serine protease Disp 10g12 Inactive 16p13
trypsin 10 Try10 4923 Inactive 7q34
trypsin 15 Try15 4923 Inactive 7934
pancreatic elastase Elal 7935 Inactive 12913
Reproduction
fertilin-o Adam-Ta 12q16 Inactive 12924
fertilin-o-b Adam-1b 12q16 Absent —
cyritestin Adam-3b 16q12 Inactive 16912
ADAMA4 Adam-4 6q24 Inactive 14924
ADAMA4B Adam-4b 6q24 Inactive 14924
ADAMS Adam-5 16q12 Inactive 8pl11
ADAM6 Adam-6 6q32 Inactive 14924
testases 1, 4, 5 Adam-24, -34, -35 16q12 Absent —
testase 2 Adam-25 16q12 Inactive 8p22
testis serine protease 3 Tessp3 8q32 Inactive 3p21
testis serine protease 6 Tessp6 8q32 Inactive 3p21
testicular serine protease 1 Tesp1 9q13 Absent —
testicular serine protease 2 Tesp2 9q13 Inactive 2921
testicular serine protease 3 Tesp3 17p14 Inactive 9q22
placental cathepsins (10 genes) Ctsj,m,q,92,921,r,1,2,6,71 17p14 Absent —
testins (3 genes) Cmb22,23,24 17p14 Absent —
collagenase-like B Mcolb 8ql1 Absent —
implantation serine protease 2 Isp2 10g12 Absent —
implantation serine protease 2L Isp2l 10g12 Inactive 16p13
Ppnx Ppnx Xq14 Inactive Yp11
glandular kallikreins (10 genes) rGk1-3,rGk7-12,K-32 1921 Absent —
Host defense
mast cell chymases (16 genes) Mcpt1,111,112,113,114,2,3,4,411, 8,811,812,8I3,9,rMcpt4,Rmcp1 15p13 Absent —
granzymes (9 genes) Gzmbl1, bl2, cl1, cl2, cI3, n, o, Rnkp7, 7I 15p13 Absent —
airway trypsin-like (3 genes) Hatl1-3 14p21 Inactive 4913

Protease genes are grouped according to their putative participation in three main biological processes.

man lineage (Fig. 2). The placental cathepsins provide an important
example of local gene expansion taking place in the rat and mouse
genomes, although there are some differences in the evolution of
this family in both rodents. We have annotated 10 putative placen-
tal cathepsins in rat chromosome 17p14, but none of them is pre-
sent in human. The mouse genome contains eight placental ca-
thepsin genes located at chromosome 13B3 (Deussing et al. 2002;
Sol-Church et al. 2002), seven of them being true orthologs of rat
placental cathepsins. The rat specific genes should be Ctsq2, Ctsq2I,
and Cts7l, whereas Cts3 should be a mouse-specific gene. The testin
subfamily of the CO1 family of cysteine proteases provides another
example of gene family showing differences between rat and hu-
man. We have identified three testins in the rat genome, located in
close proximity to the placental cathepsins at 17p14. The mouse
genome also contains three testin genes orthologous to those iden-
tified in rat, but none of them is present in the human lineage,
indicating that testins are a rodent-specific subfamily of cysteine
proteinases. It is remarkable that both placental cathepsins and
testins are proteases associated with reproductive functions, provid-
ing additional evidence that most differences in protease genes un-
derlie changes in reproductive strategies between the analyzed spe-
cies. Analysis of the rat genome has also confirmed the presence of
a single copy of cathepsin L-like genes in rodents, whereas there are
two functional human cathepsin L-like genes (CTSL and CTSL2) at
9921, the second one being associated with reproductive and im-
munological functions. It is remarkable that the rat cathepsin L-like
is more closely related to human CTSL2 than to human CTSL, con-
firming and extending data previously reported for mouse cathep-
sin L-like (Santamaria et al. 1998).
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Analysis of the C02 family of cysteine proteinases—the cal-
pains—has also revealed differences between rat, mouse, and hu-
man (Supplemental Table 1). First, and similar to mouse, the rat
genome lacks calpain-14, indicating that this gene is human-
specific compared with rodents. A second interesting difference is
the finding that calpain-13 has been specifically inactivated by mu-
tation in the rat genome. The C12 family of deubiquitinating en-
zymes contains five members in rat as in mouse, including Uchl4,
which is absent in human. The rat caspase repertoire (C14 family) is
identical to that of mouse but distinct from human. We have con-
firmed the absence of caspase-5 and caspase-10 in the rat genome,
both being functional enzymes in human. Rat and mouse also lack
a nonprotease homolog of caspases present in the human genome
and called ICEY. In contrast, there is a functional gene for rat
caspase-12 at 8q11, orthologous to the mouse caspase-12 gene at
9A1, whereas the human caspase-12 gene has acquired several del-
eterious mutations that abrogate its protease function (Fischer et al.
2002). Interestingly, the C15 family of pyroglutamyl-peptidases
shows a unique feature of the rat genome: The rat pyroglutamyl-
peptidase II gene at 1922 has accumulated mutations and frame-
shifts that have prompted us to classify it as a pseudogene, whereas
it is a functional gene in both human and mouse.

The C19 family of ubiquitin specific proteases (USPs) deserves
a particular analysis due to its large size and extreme complexity.
We have annotated a total of 54 rat USPs, many of them represent-
ing novel in silico predictions, although they are fully supported by
EST-evidence and recent experimental data from our laboratory (V.
Quesada and C. Lopez-Otin, unpubl.). The catalog of rat USPs in-
cludes Usp4, Usp18, and Usp19 absent in the current genome as-
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Figure 2 Unrooted phylogenetic tree of the CO1 family of cysteine proteases. The testin subfamily of rodent-specific proteases is shown in red, and
placental cathepsins, which are also rodent-specific, are shown in green. Branches corresponding to rat-specific members are shown in white; those
mouse-specific, in red. Cathepsin L-like proteases, the only group containing one extra member in human, are shown in blue.

sembly but experimentally verified, as well as Usp9y—the only pro-
tease gene reported to date in chromosome Y—the sequence of
which is not yet available in rat. Analysis of rat USPs shows some
interesting differences with their human and mouse counterparts.
First, we have confirmed the absence of USP6 (tre2) in the rat ge-
nome. This gene is also absent in mouse and has been recently
characterized as a hominoid-specific gene (Paulding et al. 2003).
Likewise, USP41 is also absent in rat and mouse but present in the
human lineage. The rat genome, as previously described for mouse,

also lacks true orthologs of human USP17 and USP-17-like se-
quences encoded within highly polymorphic and tandemly re-
peated intronless regions located at 4p15 and 8p23 (Okada et al.
2002). The closest relatives of USP17 genes in the rat genome are
those coding for proteins called DUBs (deubiquitinating enzymes),
a group of cytokine-inducible cysteine proteases produced by lym-
phocytes (Baek et al. 2001). We have annotated three members of
this subfamily of hematopoietic proteases in rat chromosome 1q32,
whereas at least six members have been found in the mouse and
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none in human. Accordingly, the DUB subfamily of cysteine pro-
teases provides an example of divergent evolution in rat, mouse,
and human lineages. Lastly, it is remarkable that Usp26, located on
the X chromosome, shows an extreme divergence with its mouse
and human orthologs. In fact, the percentage of Usp26 identities in
rat-mouse (77%) and rat-human (36%) pairs are among the lowest
ones analyzed in this work. This observation may be explained by
the fact that this gene is exclusively expressed in spermatogonia
(Wang et al. 2001), likely playing a reproductive function and being
subjected to strong selection pressures that lead to its rapid evolu-
tion (Swanson and Vacquier 2002).

Similar to the case of USPs, the C48 family of sentrin/SUMO-
specific proteases (SENPs) also exhibits marked differences be-
tween these three species (Supplemental Table 1). We have an-
notated 13 SENP genes in the rat lineage, a number similar to
that present in mouse (14) but considerably higher than the
seven members described in human. Senp5-like, Senp16, Senp17,
Senp18, and Senpl9 are rat-specific proteases, whereas Senp9,
Senpl2, Senpl3, Senp14, and SenplS are mouse-specific prote-
ases. Nevertheless, it is remarkable that these proteases are still
poorly characterized at the biochemical level, and they should
remain as bioinformatic predictions until their functional rel-
evance is corroborated. The gene encoding the cylindromatosis
protein (CYLD1) is conserved in rat and has been recently clas-
sified as the only member of the C67 family of cysteine proteases.
Lastly, and in addition to these large-scale expansions in clusters
of rat and mouse gene families, there are additional single copy
genes encoding nonprotease homologs belonging to the cysteine
protease class that are specifically inactivated in the rat and
mouse genomes. These include the Gln-fructose-6-P transami-
dase 3 and several components of the recently described otubain
family (Balakirev et al. 2003).

Metalloproteases
We have annotated 192 rat metalloproteases subdivided into 26
distinct families (Supplemental Table 1). The MO1 family of ami-
nopeptidases contains 12 members in rat absolutely conserved in
the mouse genome. Both species lack a functional gene for ami-
nopeptidase MAMS/L-RAP, a leukocyte-derived protease pro-
posed to be associated with antigen processing. The M10 family
of matrix metalloproteinases (MMPs)—one of the most relevant
protease families in human pathology (Brinckerhoff and Matri-
sian 2002; Overall and Lopez-Otin 2002)—shows some differ-
ences between rodents and humans. We have found a rat ortho-
log of mouse collagenase-like B, located at 8q11, that is absent in
human. It seems that rat and mouse collagenase-like B are the
result of a recent duplication event in rodents leading to the
generation of a pair of genes (collagenase-like A and collagenase-
like B) distantly related to human fibroblast collagenase and ex-
pressed in placenta (Balbin et al. 2001). Conversely, we have not
found evidence of the presence of a gene coding for rat matrily-
sin-2 (MMP-26; Uria and Lopez-Otin 2000). The gene is also ab-
sent in mouse and represents a human-specific gene compared
with rodents. Likewise, we have only found a single copy of the
MMP-23 gene in the rat genome, a similar situation to that of
mouse, reinforcing the proposal that the two MMP-23-like genes
found in the human lineage are the result of a very recent dupli-
cation event (Gururajan et al. 1998; Velasco et al. 1999). Never-
theless, it must be pointed that this region is artifactually col-
lapsed in the available assemblies of the human genome and is
erroneously considered as containing a single gene. Therefore,
the possibility that this region is duplicated in the rat and mouse
genomes and has also been collapsed during the assembly can
not be definitely ruled out.

The ADAM (a disintegrin and metalloproteinase) subfamily
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of M12 metalloproteinases shows important differences between
rat, mouse, and human (Table 2; Supplemental Table 1). The
genes for ADAM-1, -3, -4, -5, -6, and -25 are pseudogenes in hu-
man and active in rat and mouse. ADAM-1 is duplicated in both
rat and mouse, ADAM-6 only in mouse, and ADAM-20 in human
(ADAM-20 and ADAM-21). In addition, there is a subgroup of
ADAMs—called testases and located at rat chromosome 16q12—
that are rodent specific. We have identified seven putative testase
genes in the rat genome, although three of them (Adam-26,
Adam-36, and Adam-37) have inactivating mutations and have
been annotated as pseudogenes. The mouse genome contains
nine members of this protease subfamily that are specifically ex-
pressed in testis, although they are intronless and their func-
tional relevance remains to be demonstrated in most cases. It is
remarkable that all these differences correspond to ADAMs ex-
pressed in reproductive tissues. In marked contrast with these
species-specific differences in ADAMs, the genomic analysis of a
group of ADAM-related metalloproteases known as ADAMTSs
(ADAMs with thrombospondin domains) has revealed the abso-
lute conservation in rat of the 19 distinct components previously
identified in both human and mouse genomes (Llamazares et al.
2003).

Analysis of the M14 family of carboxypeptidases has shown
that rat carboxypeptidase O has been inactivated by mutation,
hence being annotated as a pseudogene. Mouse carboxypepti-
dase O is also a pseudogene, although the mutations leading to
inactivation of this gene have been distinct in rat and mouse. The
human carboxypeptidase O is functional and provides another
example of human-specific gene as compared to rodents. Addi-
tional differences derived from the genomic analysis of rat me-
talloproteases include the inactivation in rat and mouse of a pu-
tative procollagenase III N-endopeptidase apparently functional
in human (Scott et al. 1996), and the absence or inactivation in
rodents of three nonprotease homologs belonging to the M67
family of metalloisopeptidases (Cope et al. 2002). Conversely,
the Afg3-like protein 1—an ATP-dependent metalloprotease—is
specifically inactivated in human but is apparently functional in
the rat and mouse lineages. Last, it is of interest that the rat
genome of an additional methionyl aminopeptidase located at
chromosome 18p12, which is absent in human and mouse and
could represent a rat-specific gene, was found.

Serine Proteases

The present analysis of the rat genome has allowed us to anno-
tate 221 serine proteases, belonging to 16 families (Supplemental
Table 1). Most of them are part of the densely populated SO1
family, providing an explanation to the observation that all dif-
ferences between rat serine proteases and their mouse and hu-
man counterparts derive from changes in members of this large
protein family. Relevant differences are found in the kallikrein
subfamily, which has been largely, albeit distinctly, expanded in
the rat and mouse genomes with respect to the human lineage
(Fig. 3). We have annotated 23 kallikreins in rat, whereas there
are 26 in mouse and 15 in human. These kallikreins can be di-
vided into two groups according to their relative location within
two closely linked clusters present at chromosomes 1q21 in rat,
7B2 in mouse, and 19q13 in human (MacDonald et al. 1996;
Yousef and Diamandis 2001; Olsson and Lundwall 2002). The
first cluster contains 13 kallikrein genes in rat, 12 in mouse, and
15 in human. Among the human-specific kallikreins, the pres-
ence of KLK3 or PSA (prostate-specific antigen), an important
biochemical marker in prostate cancer, is remarkable. This gene
is inactivated in rat by a frameshift and appears to be absent in
mouse. Likewise, the orthologs of human KLK2 are inactivated in
both rat and mouse genomes, whereas KLK1 is active in human
and rat but no mouse ortholog has been identified. Beyond these
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Figure 3 Phylogenetic tree of rat glandular kallikreins and comparison with those of mouse and human. The tree illustrates an independent expansion
of rat and mouse glandular kallikreins. Rat-specific and mouse-specific glandular kallikreins are shown in red and in green, respectively. Human-specific

kallikreins, including KLK2 and prostate specific antigen/KLK3, are show

gene-specific changes, the differences in the second kallikrein
cluster encoding glandular kallikreins are much more relevant.
We have annotated 10 rat genes and 12 pseudogenes belonging
to this subfamily, whereas none of them are present in the hu-

n in blue.

man genome. The mouse genome contains 14 genes and 12 pseu-
dogenes at the corresponding 7B2 cluster. All these glandular
kallikrein genes appear to have evolved independently in both
rodents (Fig. 3). Therefore, this protease family represents an ex-
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cellent example of differential evo-
lutionary diversification in rat, mouse,
and human lineages. The functional Human Mouse Rat
relevance of these serine proteases is 14911 14C1 15p13
largely unknown in most cases, al-
though their expression is usually
regulated by sex hormones, indicating
their possible implication in reproduc- 2lcmat
tive processes (Yousef and Diamandis ¥{Mcntalt
2001). 3

There are also evident rat-human YR
differences in hematopoietic serine pro- o Uiz
teases (Fig. 4). At least 24 mast cell chy- st
mase and granzyme-like genes located at 3 Mept1
15p13 in the rat genome are absent in =
human. Some of them are conserved in E i
mouse, but comparative analysis indi- 3 Mcglan
cates poor conservation between both ¥Mcptaia
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teases. Because mast cell proteases may Mept5 | ¥ Meptii2
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pared with humans (Lunderius and ot e alrokpzin
Hellman 2001). Several trypsins and Gzmt la A
HAT-like (human airway trypsin) prote- Gzme fa
ases have also been specifically, albeit Gzmb |a
distinctly, expanded in rat and mouse
with respect to human (Supplemental
Table 1). P

The genomic overview of rat serine i
proteases has also allowed us to find ad- =
ditional SO1 family members that are alGzmci2
functional in rat and mouse but inactive alczmen
or absent in human (Table 2; Supple- ~ AL
mental Table 1). Among them, we can
mention the rat and mouse genes coding
for implantation serine protease-2 (ISP-
2); distal intestinal serine protease (DISP-
1); and testis serine proteases TESP-2,
TESP-3, TESSP-3, and TESSP-6 classified
as pseudogenes in human; as well as
those coding for DISP-2 and TESP-1,
which are absent in the human genome. &
The absence or inactivation in human of 2
all rodent ISP, DISP, and TESP serine pro- - jezmbis
teases indicates that the functions of
these enzymes—mainly associated with
reproductive processes—are specific of alczme
rat and mouse compared with human. ]Gzmb
Conversely, an ovochymase-like prote-

ase, a form of pancreatic elastase, and

tryptases-a and -31 are only present in  Figure 4 Comparison of rat hematopoietic serine proteases clustered at 15p13 with those of mouse
human. The case of tryptase-a is inter- at 14C1 and human at 14q11. Gene position and orientation are indicated by arrowheads; black ones

esting because although it is absent in
rat and mouse, it has been also reported
that human tryptase-a gene deficiency is
common and affects ~29% of individuals surveyed (Soto et al.
2002). Three well-known nonprotease homologs—
apolipoprotein (a), azurocidin, and haptoglobin-related pro-
tein—are absent in rat and mouse and present in human. In
addition, and in contrast to the situation in the mouse

expansion.

616 Genome Research
www.genome.org

represent genes, and red ones denote pseudogenes. Connecting lines indicate orthology or gene

genome, we have not found evidence of duplication of comple-
ment factors Clr and Cls in the rat genome. One set of these
murine factors (cIrA and cIsA) are orthologs of the rat and hu-
man genes, whereas the others (cIrB and c1sB) are exclusively
expressed in the male genital tract, indicating a role for these
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proteases in reproduction independent of complement activa-
tion (Garnier et al. 2003). We have also found the presence in the
rat genome of a nonprotease homolog called Ppnx, located in the
X-inactivation center region (Xic) and strongly expressed in testis
and undifferentiated ES cells (Chureau et al. 2002). There is no
human ortholog in the corresponding Xic region, and a similar
sequence located in human chromosome Yp11 has been classi-
fied as a pseudogene due to the accumulation of premature stop
codons. A final and interesting example of differential serine pro-
teases between rodents and human is illustrated by the Elal gene
encoding pancreatic elastase. This gene is active in rat and mouse
but has been transcriptionally silenced in the human genome
due to a mutation that inactivates crucial enhancer and promoter
elements (Rose and MacDonald 1997).

Threonine Proteases

We have annotated 29 genes encoding threonine proteases in the
rat genome (Supplemental Table 1), including 22 members of the
TO1 family of proteasome components, three components of the
TO2 family of glycosylasparaginases, and four members of the
TO3 family of y-glutamyltransferases (GGTs), which catalyze the
degradation of glutathione to glutamic acid and cysteinyl-
glycine. We have identified three genes belonging to the TO1
family that are rat specific, although they are intronless and may
represent inactive pseudogenes. In contrast, the three rat genes of
the TO2 family are conserved in both human and mouse ge-
nomes. Lastly, there are some differences in the number of GGT
genes present in rodent and humans. Two of them, Ggtl3 and
Ggt6, located at rat chromosomes 3q41 and 10q24 are ortholo-
gous of genes found in the mouse and human lineages. Likewise,
we have annotated two rat GGT genes absent in the current ge-
nome assembly, which are also conserved in mouse. Neverthe-
less, the equivalent region of the human genome (22q11) has
been very dynamic in its evolution, undergoing successive du-
plications that have given rise to four functional GGT genes and
several pseudogenes in this genome region.

Analysis of Ancillary Domains Present in Rat Proteases
In addition to gene duplication-based mechanisms, proteases
from all living organisms have also evolved through incorpora-
tion into their structures of a large variety of ancillary domains
that facilitate their interaction with substrates, inhibitors, or re-
ceptors, or play some kind of regulatory role. Analysis of ancillary
domains present in the annotated rat proteases has shown that
~50% of these enzymes are associated with at least one recogniz-
able domain among those present in the Pfam database. Detailed
analysis of these domains has revealed the presence of 61 distinct
modules linked to the catalytic domains of rat proteases. Most of
them are specifically associated with one or several protease fami-
lies of a single catalytic class, but there are cases of ancillary
domains shared by protease families belonging to two distinct
catalytic classes. Thus, the UBQ domain is present in aspartic and
cysteine proteases; the PA domain, in aspartic proteases and me-
talloproteases; the EF.HAND domain, in cysteine and serine pro-
teases; and the CUB, MAM, EGF, EGF_.CA, AAA, CCP, and FN2
domains, in metalloproteases and serine proteases.

According to the diversity and dynamism in ancillary do-
main accretion, it was tempting to speculate that rat proteases
could have selectively accreted or lost specific domains when
compared with human or mouse proteases, facilitating the evo-
lution of distinct enzymes with ability to perform new functions.
However, extending previous data from comparative analysis be-
tween human and mouse degradomes (Puente et al. 2003), we
have not found evidence of changes in domain organization be-
tween pairs of orthologous rat-mouse or rat-human proteases.

This observation is further supported after analysis of recently
identified proteases with complex mosaic architectures such as
polyserase-I, which contains a type II transmembrane motif, a
LDLR module, and three tandem serine protease domains in a
single polypeptide chain; or Adamts-20, with a metalloprotein-
ase-, a cysteine-rich-, a disintegrin-, a GON-, and 15 TSP1-
domains embedded in its amino acid sequence. These complex
structural designs are absolutely conserved in the rat, mouse, and
human orthologs of both proteases (Cal et al. 2003; Llamazares et
al. 2003), indicating that the incorporation of these ancillary
domains in primitive proteases predates the divergence between
rat, mouse, and human lineages.

Distribution of Protease Genes in the Rat Genome
The protease genes are unevenly distributed in the rat genome.
Some chromosomes such as 1, 8, and 15 are densely populated
with protease genes. This fact may be explained, at least in part,
by the occurrence of several protease clusters in these chromo-
somes. The largest cluster is located at 15p13 (mast cell chymase
locus) and contains 28 functional genes and several pseudogenes.
Another densely populated cluster maps at 1921, in which a pri-
mordial serine protease gene duplicated repeatedly during evo-
lution to give rise to 23 kallikrein-like genes and two related
pseudogenes. Likewise, the matrix metalloproteinase (MMP)
cluster at 8q11 contains 10 genes, including the rodent-specific
genes encoding collagenase-like A and collagenase-like B. Despite
these examples of gene families formed and expanded by local
duplications, most protease gene families have been very dy-
namic in their evolution and, after duplication, the different
paralogous genes have translocated to multiple chromosomes.
The genomic analysis of rat proteases might be also useful to
further evaluate the completeness and accuracy of the current
assembly of the rat genome. We have found that 13 previously
known rat protease genes (Ctsy, CtsO, Ctsj, Ctsq2, Autl4, Tnfaip3,
Rnpepll, Meplb, Amsh2, Jamml2, Prss21, Ggt, and Ggtlal)—the
existence of which has been corroborated experimentally—are
lost in the rat genome assembly used in our genomic analysis.
Likewise, seven protease genes (Usp4, Usp19, Clpp, Dpp9, C6-1a,
Psmb1, and Aga) are present in the rat genome sequence but not
placed in the assembly, whereas there are other genes with struc-
ture that is not complete in the assembly. Some of these conflicts
may derive from gaps still occurring in the rat genome assembly
or from artifactual collapse of duplicated regions. Beyond these
few differences, the annotation of the rat degradome provides
additional evidence on the relative completeness and high qual-
ity of the current version of the rat genome sequence.

Genomic Analysis of Rat Protease Inhibitors

The above findings indicating that the rat degradome is consid-
erably more complex than that of human prompted us to evalu-
ate the possibility that the rat protease inhibitor complement
could be also more complex as an attempt to control the in-
creased protease repertoire in this organism (Kaiserman et al.
2002; Puente et al. 2003). To this purpose and because we have
observed that most differences between rat and human de-
gradomes are the result of the expansion of rat gene families
clustered in certain genome regions, we mainly focused our
analysis on identified clusters of rat protease inhibitor genes
(Supplemental Table 2). We first examined the different clusters
of serpins, a large family of serine protease inhibitors (Silverman
et al. 2001; Barbour et al. 2002; Forsyth et al. 2003). The evolu-
tionary history of this family has been of great interest because of
marked changes in the number of serpin genes among and
within diverse species, as well as the high rate of mutation in
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their reactive centers likely driven by positive Darwinian selec-
tion. There are three clusters of serpin genes in the rat genome,
located at 6932, 17p12, and 13p13. The first one encoding serpin
A inhibitors is largely expanded in rat and contains 18 functional
genes as opposed to the 10 SERPIN A genes located at 14932 in
the human genome. The expansion of this cluster in mouse is
even larger, with a total of 29 serpin A genes at 12F1. These
expansions mostly derive from the fact that genes corresponding
to the single-copy human serpin al-proteinase inhibitor
(SERPINAI) or al-chymotrypsin (SERPINA3) have undergone suc-
cessive duplications in the rat and mouse genomes. Likewise, the
cluster of serpin B genes located at rat chromosome 17p12 is also
expanded in rat, with eight functional genes in this region and
only three SERPIN B genes in human 6p25 (Fig. 5). The expan-
sion of this cluster has also been more dynamic in the mouse
genome, resulting in at least 15 functional members located at
13A4 (Fig. 5). Analysis of the third serpin cluster, located in rat
chromosome 13p13 and containing 10 functional serpin B-like
genes, did not reveal any differences with the number of ortholo-
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Figure 5 Comparative analysis of a cluster of rat serpins at 17p12 with
the corresponding region of human and mouse genomes. The order and
orientation of genes are indicated by black arrowheads, and pseudogenes
are represented by red arrowheads. Orthology is indicated by connecting
lines.
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gous genes present in human 18q21, whereas there are three
additional serpin B3-like genes in mouse 1E1. In addition, a de-
tailed analysis of one gene from this cluster encoding serpin B10
or bomapin, has shown an interesting example of differences
between rat, human, and mouse genes. This gene is functional in
rat and human but is inactivated in mouse, as assessed by the
presence of a TAG stop codon at position 21 of the serpin B10
sequence available from both public and private versions of the
mouse genome sequence. Nevertheless, we have observed that
ESTs derived from tissues of CZECH II mice do not have a stop
codon at this position, strongly indicating that the serpin B10
gene may be functional in this mouse strain. It is also of interest
that SERPIN B10 has a restricted pattern of expression in human
bone marrow cells, with a predominant nuclear localization in
these cells, whereas the rat ortholog (also called trespin) has a
wide tissue distribution and a cytosolic localization (Chipuk et al.
2002). Accordingly, serpin B10 represents an example of ortholo-
gous genes that appear to have acquired different functions in
different species or even in different strains of the same species.

In addition to the observed differences in serpins, analysis of
other families of protease inhibitors also revealed large expan-
sions in rat and mouse versus human (Supplemental Table 2). For
example, in the case of cysteine protease inhibitors clustered at
rat chromosome 11q11, there are nine cystatin A-like genes in rat
and mouse, whereas there is a single copy in the human genome.
Likewise, there are four murinoglobulins—protease inhibitors of
the a2-macroglobulin family—in rat and mouse but none in hu-
man. The family 2 cystatins predominantly expressed in the re-
productive tract and clustered at rat 3q41 also exhibit differences
with human cystatins located at 20p11 (Cornwall and Hsia
2003). Thus, rat cystatins CRES3, -T, -10, and -SC lack recogniz-
able or functional orthologs in human, whereas there is one
testatin-like inhibitor and four salivary gland cystatins present in
human and absent in rat and mouse. Furthermore, a group of rat
cystatin S-like inhibitors located also at 3q41 and absent in hu-
man has been largely expanded in the rat genome with 10 mem-
bers in rat and only four in mouse. Rat calpastatin—the only
endogenous inhibitor specific for calpains—is conserved in hu-
man and mouse, although it exhibits a species-specific pattern of
alternative splicing (Takano et al. 1999). In contrast to these
variations in serine and cysteine protease inhibitors, analysis of
all endogenous inhibitors of rat metalloproteinases reported to
date did not reveal any difference with those of mouse and hu-
man. Thus, the four tissue inhibitors of metalloproteinases
(TIMPs), the RECK inhibitor of MMPs, and the tissue carboxy-
peptidase inhibitor (TCI) are conserved in all three species.

In summary, we have annotated 183 rat, 199 mouse, and
156 human protease inhibitors. This genomic analysis of prote-
ase inhibitors indicates that similar to the case of the rat and
mouse degradomes, there is a marked expansion of several fami-
lies of protease inhibitors in the genome of both rodent species
with respect to that of human. Furthermore, we have also un-
covered significant differences in the manner in which the ana-
lyzed protease inhibitor families have evolutionarily expanded in
the genome of rat and mouse.

DISCUSSION

In this work, we have performed a genomic analysis of the rat
degradome, the complete set of proteases present in the genome
of this model organism that holds a special place in biomedical
research. This genome-wide analysis has led us to conclude that
the rat degradome is composed of a minimum of 626 proteases
and homologs, distributed in 24 aspartic, 160 cysteine, 192
metallo, 221 serine, and 29 threonine proteases. These numbers
are not definitive and could slightly change if new enzymes with
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unusual structures and catalytic mechanisms, which would
have escaped to the predictive methods applied herein, are de-
scribed in the future. We must also emphasize that many
rat proteases annotated in this work are the result of bioin-
formatic predictions, and further experimental work will be
required to confirm their functional relevance as proteolytic
enzymes. The complexity of the rat degradome may be further
increased through alternative splicing or differential poly-
adenylation events taking place in some of the identified pro-
tease genes, or by the occurrence in these genes of polymorphic
variants that may contribute to modify protease functions or
alter their regulatory mechanisms. The functional relevance of all
these processes has been studied with some detail in several
human protease genes, such as the angiotensin-converting
enzyme (ACE) gene, in which alternative splicing events or use of
alternative promoters generate isoforms with marked structural
and functional differences (Riordan 2003). Illustrative examples
of naturally occurring polymorphisms in human protease genes
include those found in calpain-10 and ADAM-33, which confer
increased susceptibility to complex diseases such as type 2
diabetes and asthma, respectively (Horikawa et al. 2000; Van
Eerdewegh et al. 2002). Unfortunately, these additional sources
of degradome variability remain largely unexplored in organisms
distinct from human. The availability of the catalog of rat
protease genes generated in this work may be helpful for the
identification of polymorphic variants with ability to influence
physiological or pathological functions mediated by these en-
zymes.

The comparative analysis of the rat degradome with those
of mouse and human has also provided interesting insights into
some protease-mediated processes that could contribute to
explain differential aspects in the biology of these organisms.
As expected, the rat protease repertoire is very similar to
that of mouse, but we have also uncovered a number of
differences. Most of these changes derive from the different ex-
pansion of several gene families, such as placental cathepsins,
glandular kallikreins, and hematopoietic serine proteases, in
both rodent species. Beyond these changes in differential evolu-
tion of clusters of gene families during the 12 to 24 million years
since these organisms shared a common ancestor, we have also
found some examples of specific loss or inactivation of genes in
rat or mouse lineages. These include the one encoding a
methionyl aminopeptidase-like protein present in rat and ab-
sent in mouse and those for renin-2, pyroglutamyl-peptidase II,
and pancreatic endopeptidase E present in mouse and absent
in rat. The fact that most of these differential genes between
mouse and rat are associated with reproductive and host defense
functions confirms and extends previous studies indicating that
these processes have been fundamental motors of evolutionary
innovation (Emes et al. 2003). These proposals are further
supported after the comparative analysis of rat and human
degradomes. A total of 102 proteases present in rat are absent in
human, whereas 37 human proteases do not have a clear
counterpart in rat. A detailed analysis of these differences has
allowed us to conclude that at least in quantitative terms, they
mainly derive from the creation or expansion of specific protease
subfamilies in rat compared with human. Thus, the rat genome
contains a number of gene families encoding proteases that
are absent in human. These include placental cathepsins and
testins located at 17pl4, hematopoietic serine proteases at
15p13, and glandular kallikreins at 1q21. Likewise, additional
expansions are found in testases, sentrin-specific proteases, and
nonprotease-homologs of the PIP family. Overall, these large-
scale changes with respect to human proteases are shared by rat
and mouse, although some of the above-mentioned small-scale
variations between rat and mouse protease genes might have

contributed to shape functional differences between both rodent
species.

The genomic analysis of the rat proteases has also led us to
identify some genes that are specific of rodent versus human or
vice versa. Among them, we should mention the cases of chy-
mosin, caspase-12, cyritestins (Adam-3b and Adam-5), implanta-
tion serine proteases (ISPs), distal intestinal serine proteases
(DISPs), and testis serine proteases (TESPs), present in rat and
mouse but inactive or absent in human (Table 2). Conversely,
caspases-5 and -10, USP6, matrilysin-2, carboxypeptidase O, ami-
nopeptidase MAMS/L-RAP, and KLK3/PSA are absent or inactive
in rat and mouse but are functional in human. The large number
of protease genes inactivated in human compared with rat and
mouse should be in agreement with preliminary comparative
analysis of human and chimpanzee genomes, which has revealed
that genetic losses in the human lineage may have caused some
of the differences between these species (Olson and Varki 2003).
Once more, it is remarkable that most differences between rat
and human degradomes correspond to proteases involved in re-
productive and immunological functions. In relation to the first
type of processes, it is well established that proteolytic enzymes
play multiple and diverse roles in menstruation, fertilization,
ovulation, implantation, placentation, pregnancy, and involu-
tion of reproductive organs (Hulboy et al. 1997). Differences in
the type, number, or expression levels of reproductive proteases
in rat, mouse, and human could have contributed to facilitate
speciation events and may also help to explain some functional
differences between these species. On the other hand, the ob-
served variations in proteases associated with host-defense reac-
tions may reflect evolutionary diversification processes aimed at
expanding the repertoire of immunological mechanisms in re-
sponse to new physiological conditions or to new sources of
pathogens or environmental stress. Furthermore, the differences
in aspartic proteases involved in digestive functions could also
contribute to explain rodent and human differences in gastric
physiology (Kageyama 2002). It is also interesting that the evo-
lutionary expansion in the repertoire of rat and mouse proteases
has been accompanied by a marked expansion in the number of
protease inhibitors belonging to different families, such as ser-
pins, cystatins, and murinoglobulins. This fact may be part of an
evolutionary strategy aimed at establishing additional regulatory
mechanisms for the expanded rat and mouse degradomes com-
pared with that of human.

Beyond these changes in protease and protease-inhibitor
gene numbers, variations in regulatory motifs present in the an-
notated rat, mouse, and human orthologous genes may result in
diverging spatiotemporal expression patterns of some of these
genes and contribute to the development of evolutionary inno-
vations in protease-mediated functions in each species. To date,
these species-specific regulatory differences in protease and pro-
tease-inhibitor genes are largely unknown, but the availability of
the rat, mouse, and human genome sequences, together with the
introduction of protease-specific chips for the global analysis of
expression and activity of these enzymes and their inhibitors
(Lopez-Otin and Overall 2002), may be very helpful for a better
understanding of putative changes in their regulatory mecha-
nisms.

In addition to the evolutionary relevance of these compara-
tive analyses of the rat, mouse, and human degradomes, the an-
notation of the rat protease complement and the identification
of the rat orthologs of human protease genes associated with
pathological conditions could facilitate the development of new
strategies for better understanding and treating these diseases.
The human diseases of proteolysis have been classically linked to
alterations in the control of the spatiotemporal patterns of ex-
pression of a number of proteases, including MMPs, cathepsins,
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or plasminogen activators (Puente et al. 2003). Thus, overexpres-
sion of many of these proteases is commonly found in cancer,
arthritis, cardiovascular diseases, and inflammatory disorders.
The identification of rat orthologs of these human proteases,
together with the already available information on their mouse
counterparts, could help to identify the regulatory elements me-
diating their abnormal expression in pathological conditions.
These studies could also facilitate the creation of rat transgenic
models useful to examine in vivo the consequences of protease
overexpression in certain tissues. In this regard, it is noteworthy
that the first available transgenic rats—created in 1990—have
been very useful to examine the role of proteases in cardiovas-
cular diseases (Mullins et al. 1990). In fact, the TGRmRen2 trans-
genic rats that overexpress mouse submandibular renin develop
fulminant hypertension and are a widely used model for study-
ing multiple aspects of cardiovascular physiology and pathology.
Nevertheless, and in addition to these regulatory diseases of pro-
teolysis, we have cataloged 58 human hereditary disorders di-
rectly caused by mutations in protease genes (Puente et al. 2003;
http://web.uniovi.es/degradome). Interestingly, with the single
exception of the caspase-10 gene—mutated in patients with an
autoimmune lymphoproliferative syndrome but lacking a recog-
nizable ortholog in rat—all the remaining genes linked to human
hereditary diseases of proteolysis are conserved in rat. These ob-
servations may provide a useful framework for discussing the
possibilities of creating rat models for these human diseases that
could complement the information derived from studies per-
formed in knockout or knockin mouse models. This could be of
special interest for those human genetic disorders of proteolysis
in which the available mouse models do not recapitulate the
corresponding human disease (Puente et al. 2003). The recent
development of methods for manipulating the rat germline (Zan
et al. 2003) will offer new opportunities to investigate the muta-
tional mechanisms and pathological alterations underlying these
genetic disorders of proteolysis, as well as to evaluate the poten-
tial usefulness of new therapeutic strategies for this growing and
relevant group of human diseases.

METHODS

Bioinformatic Screening of the Rat Genome

A nonredundant set of human and mouse protease sequences
was built by combining information from literature, the MEROPS
database, the proteome analysis database (http://www.ebi.ac.uk/
proteome/), and annotations from our laboratory (Puente et al.
2003). Orthology assignation for each of the 641 mouse protease
genes as well as the 31 human-specific proteases present in our
custom degradome database was performed by using the En-
sembl and the UCSC genome browsers against the rat Baylor
assemblies 2 and 3.1, respectively; the nonredundant nucleotide
database; the rat EST databases at GenBank; and the BLAT and
TBLASTN algorithms. Similar analyses using a custom database of
protease inhibitors were performed to search for protease inhibi-
tors in the rat genome and to further compare them with those
present in mouse and human. Orthology assignment was based
on four different criteria: synteny, sequence identity (>85% rat
versus mouse, >65% rat versus human, and reciprocal best-
match), function conservation, and relevant supporting litera-
ture. If one of these criteria was not met, a detailed analysis,
including conservation of neighbor genes in both species and
examination of genome gaps, was performed before orthology or
paralogy assignment.

Use of TBLASTN and InterPro Annotations
to Identify Proteases

Rat genomic sequences were analyzed for the presence of uni-
dentified protease members belonging to the 67 families cur-
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rently recognized in mouse and human, using TBLASTN at the
Ensembl genome browser. Each single mouse protease sequence
and those human specific were used to query the rat genome,
and all hits with P value <10~ 2 were analyzed by using the
BLASTP program against a custom degradome database. Hits not
present in the custom database were further analyzed by using
TBLASTN against the nonredundant nucleotide database at Na-
tional Center for Biotechnology Information (NCBI) and
TBLASTN of a 500,000-bp fragment containing the hit against
similar proteases to build a predicted sequence. These strategies
allowed us to extend the putative protease fragments, and
manual inspection against the murine and human paralogs as
well as available rat EST sequences was used to complete the full
open reading frame. Pseudogenes were confirmed by presence of
premature stop codons or frameshifts in sequences derived from
the rat genome assembly v3.1, high-throughput genomic se-
quences at NCBI, and EST sequences if available. Profile recogni-
tion programs, including SMART and InterPro, were used to de-
termine the presence of protease motifs, and multiple sequence
alignments were used to finally classify a protein as protease or
nonprotease homolog. For each single protease locus, a 500-kb
genomic sequence flanking the target gene was analyzed for the
presence of additional members of that family, as ~31% of rat,
34% of mouse, and 23% of human protease genes are organized
in clusters. Additionally, InterPro annotations of the rat genome
were used to identify putative new members of known families.
Ensembl predictions containing InterPro protease motifs were
manually inspected to distinguish between true proteases, pseu-
dogenes, and false positives. A combination of detailed genomic
sequence analysis and relevant literature was used to determine
the number of protease genes present in clusters of protease
genes with high sequence similarity, as they can be accidentally
collapsed during assembly of the shotgun sequences. Several du-
plication events were found and discarded as assembly artifacts
due to the presence of regions of 100% nucleotide sequence iden-
tity between both the exonic and intronic regions of protease
genes. To further extend the bioinformatic search of protease
genes, we built a hidden Markov model (HMM) for some of the
67 different protease families present in the rat degradome. For
families containing less than three members, alignments were
built by using sequences from other organisms if available. Ad-
ditional HMMs from protease families not described in mammals
were obtained from the Pfam protein families, version 7.8, data-
base (http://www.sanger.ac.uk/Software/Pfam/). The selectivity
of these models was tested against the SWISS-PROT, release 40,
database, identifying known proteases when a P value cutoff of
0.1 was used. HMMs were used to screen the rat protein sequence
predictions from Ensembl (Release 15.2.1; http://www.
ensembl.org), and the rat-specific RefSeq data set at NCBI (ver-
sion June 15, 2003; http://www.ncbi.nlm.nih.gov) using the
HMMER 2.1 package (http://hmmer.wustl.edu). Finally, analysis
of the presence of ancillary domains in rat proteases was per-
formed by using the SMART and Pfam domain databases. Se-
quences derived from this work have been submitted to the
EMBL database with accession nos. BNO00318-BN000390.

Creation of Phylogenetic Trees

To establish orthology or paralogy in densely populated clusters
of protease genes in which different members were specifically
expanded, a phylogenetic tree was generated. Protein sequences
corresponding to the full-length protease from different species
were aligned by using the ClustalX program, together with a
more distantly related protease to be used as root. Phylogenetic
trees were constructed for each family by using the Protpars pro-
gram from the Phylip package (http://evolution.genetics.
washington.edu/phylip.html).
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